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Frequency-Dependent Shot Noise as a Probe of Electron-Electron Interaction in
Mesoscopic Diffusive Contacts
K. E. Nagaev
Institute of Radioengineering and Electronics, Russian Academy of Sciences, Mokhovaya ulica 11, 103907 Moscow, Russia ∗
The frequency-dependent shot noise in long and narrow mesoscopic diffusive contacts is numer-
ically calculated. The case of arbitrarily strong electron-electron scattering and zero temperature
of electrodes is considered. For all voltages, the noise increases with frequency and tends to finite
values. These limiting values are larger than the Poissonian noise and increase with voltage nearly as
V 4/3. This allows one to experimentally determine the parameters of electron-electron interaction.
Pacs numbers: 72.70.+m, 73.23.-b, 73.50.Td, 73.23.Ps
Basically, electron-electron scattering appears in two
different forms. First, this is the decay of quasipar-
ticle states (phase-breaking) and second, this is relax-
ation of nonequlibrium distribution function of elec-
trons. In last two decades, the equilibrium phase-
breaking processes were extensively investigated in rela-
tion with weak-localization corrections to conductivity1
and universal conductance fluctuations.2,3 In particu-
lar, it was found1 that in dirty metals the disorder
strongly enhances electron-electron (e-e) interactions at
low temperatures, which even makes questionable the
validity of Landau concept of quasiparticles4 in low-
dimensional systems (for a recent review of e-e scatter-
ing in mesoscopic systems see paper by Blanter5). Gen-
erally, the theoretical results are in a reasonable agree-
ment with the experimental data, and this allows deter-
mining the phase-breaking time from weak-localization
experiments6.
By far less is known about the kinetics of electron sys-
tems in the presence of e-e scattering, which results in
relaxation of nonequilibrium distribution of electrons to
the Fermian one. While conserving the total energy of
electron system, it smooths down the peculiarities of dis-
tribution function of electrons. For example, it affects the
shape of electron distribution function in a wire placed
between two different reservoir electrodes with a finite
voltage drop between them. Recently, Pothier et al.7
performed direct measurements of electron distribution
function using tunnel superconducting probes and deter-
mined the parameters of e-e interaction from their data.
However their results appeared to be inconsistent with
any of existing theories of e-e scattering.
Although the shape of electron distribution function
does not affect the conductivity of metals (except for
small quantum corrections), it is crucial in the semiclas-
sical theory of nonequilibrium noise in solids.8 In par-
ticular, it enters into the semiclassical expression for the
shot noise in diffusive mesoscopic contacts.9 Hence this
noise may be used for determining the parameters of e-e
scattering.
The effects of strong electron-electron scattering on the
zero-frequency shot noise were studied within the elec-
tron effective temperature approximation10,11 and were
shown to increase the ratio SI/2eI from 1/3 to
√
3/4.
Though this increase was experimentally observed by
Steinbach et al.,12 it is difficult to quantitatively estimate
the parameters of e-e scattering from it. The reason is
that the zero-frequency noise is determined by the shape
of distribution function near the middle of the contact,
which becomes Fermian at relatively weak e-e scattering
and does not change with its further increase.
The situation is different for the finite-frequency noise
in long and narrow contacts with strong external screen-
ing, i. e., with a close ground plane13 or coaxial grounded
shielding.14 It was shown that for noninteracting elec-
trons, the high-frequency shot noise tends to eI if pile-up
of charge in the contact is forbidden13 and to 2eI if it is
allowed.14 More recently, Naveh et al.15 obtained that for
strong e-e scattering and zero temperature of electrodes,
the noise infinitely grows with frequency while remain-
ing linear in current. Below we show that this is not
the case: instead of diverging, the actual high-frequency
noise tends to a finite value nonlinearly depending on
voltage. We also propose a method for quantitative de-
termination of the parameters of e-e scattering from mea-
surements of zero-temperature high-frequency shot noise.
In what follows we use the coaxial model,14 although
all the results also apply to the ground-plane one. As-
sume that the contact of length L is a cylinder of cir-
cular section with a diameter 2r0 ≪ L consisting of a
dirty metal with conductivity σ (see Fig. 1, the inset) and
connects two massive electrodes. The contact is screened
from the ambient space by the third perfectly conducting
coaxial grounded electrode, which is separated from its
surface by a thin insulating film of thickness δ0 and the
dielectric constant εd. The external circuit is assumed to
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have a large grounding capacity, which lifts the condition
of zero net charge of the contact at finite frequencies.
The spectral density of current noise, e.g., at the left
edge of the contact is given by the formula14
SI(ω) =
4
RL
L∫
0
dxK(x, ω)TN (x), (1)
where R is the resistance of the contact, x is the longitu-
dinal coordinate, and TN (x) is the local “noise temper-
ature” determined in terms of the electron distribution
function f(ǫ, x) as follows:
TN (x) =
∫
dǫ f(ǫ, x)[1− f(ǫ, x)] (2)
The kernel of the integral (1) is given by the expression
K(x, ω) = 2(γωL)
2
× cosh[2γω(L − x)] + cos[2γω(L− x)]
cosh(2γωL)− cos(2γωL) , (3)
where γω = (ωεd/4πσδ0r0)
1/2. At sufficiently high fre-
quencies, the kernel K exponentially decreases with x.
This decrease has a simple physical explanation. At con-
tact dimensions much larger than the Debye screening
length, the local current fluctuations inside the contact,
which result from the randomness of impurity scatter-
ing, induce the current fluctuations at the contact edges
through the long-range fluctuations of electrical field.
However at finite frequencies, the electric lines of force
emerging from the middle points of the contact are inter-
cepted by the screening electrode and do not reach the
contact edges. Hence it is only the portions of the contact
adjacent to its edges that contribute to the measurable
noise. Therefore for calculating the high-frequency noise
in such contacts, it is very important to know the exact
distribution function of electrons near their edges.
In our semiclassical approach, the distribution function
f obeys the diffusion equation
D
d2
dx2
f(ǫ, x) + Iee(ǫ, x) = 0, (4)
where D is the diffusion coefficient. At zero temperature,
the boundary conditions for this equation at the left and
the right ends of the contact are
f(ǫ, 0) = θ(−ǫ), f(ǫ, L) = θ(eV − ǫ), (5)
where θ is the step function and V is the voltage drop
across the contact.
Recently, Eq. (4) was solved using the phenomenolog-
ical approximation of effective electron temperature,10,11
i.e. the distribution function was saught in the form
fT (ǫ, x) =
[
1 + exp
(
ǫ− eV x/L
Te(x)
)]
−1
, (6)
where Te was the coordinate-dependent temperature of
electron gas. As the collision integral is zero for arbitrary
fT chosen in form (6), Eq. (4) reduces to an energy-
balance equation, whose solution at zero temperature of
electrodes is
Te = eV
√
3x(L − x)/πL. (7)
As Te exhibits squire-root singularities at the edges of
the contact, substitution of Eq. (7) into (1) results in
high-frequency noise diverging15 as ω1/4. This unphys-
ical divergency is due to the inadequate description of
the distribution function near the contact edges by the
effective temperature model. Indeed, for f = fT with
Te given by Eq. (7), the first term of Eq. (4) diverges
as x−3/2, while the second term remains is zero through-
out the length of the contact. Hence f deviates from fT
near the contact edges and the squire-root singularity is
smoothed out no matter how strong the e-e scattering.
In this paper, we numerically calculate the high-
frequency shot noise for the simplest collision integral
with energy-independent transition probabilities:
Iee(ǫ) = −λee
ǫF
∫
dǫ′
∫
dω
×{f(ǫ)f(ǫ′ − ω)[1− f(ǫ− ω)][1− f(ǫ′)]
−f(ǫ− ω)f(ǫ′)[1 − f(ǫ)][1− f(ǫ′ − ω)]}. (8)
By doing so, we restrict ourselves to the Landau con-
cept of quasiparticle scattering and disregard the inter-
ference between e-e and impurity scattering.1 This im-
plies that the relevant electron energies are sufficiently
high: ǫ≫ τ−1(pF /k)(pF l)−2, where τ is the elastic scat-
tering time, pF is the Fermi momentum, k is the in-
verse Debye screening length, and l is the elastic mean
free path of electrons.16 In the gas approximation, where
k ≪ pF , the dimensionless scattering amplitude equals
λee = π
2k/64pF . However in realistic metals k/pF ∼ 1,
and λee should be renormalized by corrections of higher
order in interaction.
The actual behavior of f near the contact edges may
be understood from the following semiquantitative rea-
soning. Select a point x0 ≪ L near the left edge of the
contact. Suppose that f(x0) = fT with Te(x0) given
by Eq. (7) and solve Eq. (4) with boundary conditions
f(ǫ, 0) = θ(−ǫ) and f(ǫ, x0) = fT (ǫ, x0) in the range
0 < x < x0. Because of the divergence of ∂
2fT /∂x
2
at x = 0 it is reasonable to expect that the diffusion
term in Eq. (4) will dominate over Iee at sufficiently
small x0 and the latter may be omitted. Then the re-
sulting diffusion equation is easily solved and retaining
only terms linear in x, one obtains for the noise temper-
ature TN (x) = (2 ln 2)Te(x0)x/x0. The crossover point
x0 is determined from the condition that the diffusion
term in Eq. (4) be of the order of the collision integral,
i.e. D/x2
0
∼ λeeT 2e (x0)/ǫF . This results in an estimate
x0 ∼ Lα−1/3, where α = λee(eV L)2/ǫFD is the dimen-
sionless parameter characterizing the relative strength of
2
e-e interaction in the contact. From Eq. (1), it follows
that the limiting value of high-frequency noise is
SI(∞) = 2L
R
dTN
dx
∣∣∣∣
x=0
∼ eIα1/6. (9)
The saturation frequency may be determined from the
condition γω ∼ x−10 , which gives
ωs ∼ σ
εd
δ0r0
L2
α2/3.
To test these semiqualitative conclusions, Eq. (4) was
numerically solved for different values of the dimension-
less parameter α using the finite-difference method on
a lattice of 100 × 100 sites. Figure 1 shows the coordi-
nate dependence of the noise temperature TN calculated
for α = 10. It is clearly seen that in the middle of the
contact, TN is close to Te, while it remains almost un-
perturbed by the e-e interaction near the edges.
Figure 2 shows the frequency dependences of noise for
five different values of α ranging from 0 to 104. At zero
frequency, all the values of noise are located in a narrow
range 0.33 < SI/2eI < 0.43. As the frequency increases,
the lower bound for the noise and (especially) the spac-
ing between the curves also increase. In particular, this
implies that at finite frequencies the ratio SI/2eI is es-
sentially voltage-dependent. The noise reaches satura-
tion for all α considered, but the saturation frequency
increases with α. The saturation noise is 2eI for α = 0
and also increases with α. Note that for the maximum of
considered values α = 104, the zero-frequency shot noise
coincides with the result of effective-temperature model
to the third decimal place, whereas the high-frequency
noise is only nearly three times the Poissonian one. The
limiting values of high-frequency noise are plotted versus
α in Fig. 3. On a log-log scale, this dependence presents
almost a straight line except for the lowest value α = 10.
At large α, its slope corresponds to SI(∞)/2eI ∝ α0.1683.
This exponent is very close to the value 1/6 that results
from the above semiquantitative reasoning. Possibly, the
discrepancy could be made even smaller by increasing
the number of sites in the lattice and/or α. In any event,
the above qualitative consideration provides a reasonably
good understanding of the behavior of high-frequency
noise.
Naveh et al.15 proposed that the increase of nonequi-
librium noise at high frequencies may be used for distin-
guishing between the cases of strong and weak e-e scatter-
ing. Our calculations provide a basis for quantitative es-
timates of the parameters of e-e scattering. By measuring
the voltage dependence of saturated high-frequency noise
and determining the corresponding exponent, one may
test the validity of Landau theory for this case. Knowing
the diffusion coefficient and ǫF , it is also possible to de-
termine the parameter of e-e interaction λee from these
data. In these measurements, the voltage must be suffi-
ciently high to exclude the effects of interference between
e-e and impurity scattering and to avoid quantum noise
dominating over the shot one.17 Because of slow growth
of the noise-to-current ratio with voltage, proper care
should be taken to eliminate heating effects.
In summary, we have shown that in the presence of e-e
scattering, the shot noise in long diffusive contacts in-
creases with frequency and tends to a finite value. This
value is larger than 2eI and increases with voltage nearly
according to the law SI(∞)/2eI ∝ V 1/3.
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FIG. 1. Dependence of noise temperature TN/eV on coordinate x/L for α = 10. The dashed line shows TN for noninteracting
electrons, and the dash-dot line shows Te calculated from the energy-balance equation. Inset shows the longitudinal section of
the shielded contact.
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FIG. 2. Dependences of normalized spectral density SI/2eI on dimensionless frequency ωεd/4piσδ0r0 for (1) α = 0, (2)
α = 10, (3) α = 100, (4) α = 1000, and (5) α = 10000.
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FIG. 3. Log-log plot of saturated high-frequency noise SI(∞)/2eI vs. electron-electron scattering parameter α.
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